In quantum communications, vortex photons can encode higher-dimensional quantum states and build high-dimensional communication networks (HDCNs). The interfaces that connect different wavelengths are significant in HDCNs. We construct a coherent orbital angular momentum (OAM) frequency bridge via difference frequency conversion in a nonlinear bulk crystal for HDCNs. Using a single resonant cavity, maximum quantum conversion efficiencies from visible to infrared are 36%, 15%, and 7.8% for topological charges of 0,1, and 2, respectively. The average fidelity obtained using quantum state tomography for the down-converted infrared OAM-state of topological charge 1 is 96.51%. We also prove that the OAM is conserved in this process by measuring visible and infrared interference patterns. This coherent OAM frequencydown conversion bridge represents a basis for an interface between two high-dimensional quantum systems operating with different spectra. 
Introduction
Orbital angular momentum (OAM), a remarkable photonic freedom that inherently has multiple dimensions, can enhance the information capacity in communications. [2] [3] [4] , high-capacity communications [5, 6] , spiral imaging, and high-precision optical measurements [7] [8] [9] . In quantum information fields, photons can be encoded in the OAM space because of the basis of OAM with its infinite dimensions in Hilbert space, which can then generate high-dimensional entanglement states [10, 11] and can be used to build OAM quantum memory for high-dimensional communication networks (HDCN) [12] [13] [14] [15] , although the power conversion efficiency achieved was low (0.09% for L=1). The second cavity-enhanced configuration can increase the conversion efficiency obviously when compared with the first scheme, where the basic Gaussian pump beam is resonant with the cavity and the input photons make single passes through the crystal. Using the second setup, Zhou et al. realized frequency up-conversion of OAM modes from the infrared to the visible band based on SFG [35] , in which the maximum conversion efficiency of the OAM photon for topological charge 1 was 8.3%. However, down-conversion of OAM modes has not been reported to date. Additionally, because superconducting detectors have near-unity quantum efficiency at 1550 nm, the down-conversion process has the potential to become much more useful.
In this work, we present the first demonstration of down-conversion for the OAM mode from a visible laser operating at 525 nm to an infrared laser beam at 1550 nm using a strong pump beam at 794 nm. Based on the nonlinear coupling equation, we propose an analytical expression to describe the conversion efficiency of the OAM down-conversion frequency bridge. The single-pass efficiencies realized for conversion from visible to infrared are 1.6%, 0.52%, and 0.4% for L=0, 1, and 2, respectively, and the corresponding maximum quantum conversion efficiencies are 36%, 15%, and 7.8%, respectively. In order to test the coherence of the converted OAM photons, we analyze the density matrix of the infrared OAM photons using quantum tomography [36] . The average output OAM photon fidelity for topological charge 1 is 96.18%. The high fidelity and high conversion efficiency indicate that the OAM down-conversion frequency bridge is both reliable and useful, which will pave the way for use of this bridge at the interface between two high-dimensional quantum systems with different spectra.
Principle
Difference frequency generation (DFG), which is based on a second-order nonlinearity, involves mixing of three waves such that they interact in a quasi-phase-matching periodically poled nonlinear crystal. During this process, the energy
must be conserved, regardless of the forms of the interacting fields. Here, k v , k p , and k i represent the properties of the input fundamental visible laser, the strong pump laser and the output infrared laser, respectively. In the DFG-based down-conversion experiment, the basic strong pump laser P p has a Gaussian beam, and the output infrared laser P i is dependent on the profile of the input visible beam P v . By ignoring the time components of the strong Gaussian field, the spatial field can be written as [37] :
Here, w 0p is the beam waist; τ p (= 2z/b p ) is a variable related to the propagation distance;
) is the confocal parameter of the Gaussian beam; and n p is the refractive index of the pump laser. The input visible OAM beam has a similar expression with the exception of the topological charge L [35]:
Based on the nonlinear coupled equation, the evolution of the output fields can be written as [38] :
where K i (= 2id e f f ω i /n i c) is the coupling coefficient of the infrared laser. d e f f is the effective nonlinear efficiency of the crystal. The two beams are assumed to be focused at the crystal s center at z = 0. On the output surface of the crystal, we obtain the output power as follows:
where n v and n i are the refractive indices of the visible (λ v ) and infrared laser (λ i ) in crystal, respectively; l is the length of the crystal; and h(α, β, ξ, σ) is the focusing function that is determined based on the waist ratio of the two beams:
Here, α(= w 2 0v /w 2 0p ) and β(= b v /b p ) are the ratio of the squares of the beam waist and confocal parameters, respectively; and ξ(= l/b p ) and σ(= ∆kb p /2) are the pump focusing and spatial phase-mismatching parameters, respectively. When the passive transmission loss and the crystal's absorption
[39] are considered, Eq. (4) can be simplified to read:
Here, K L represents a constant with the topological charge and the parameters of the crystal that were used in Eq. (4). Based on Eq. (6), the single pass conversion efficiency (SPCE), the quantum conversion efficiency (QCE) and the maximum power of the strong pump power (P p_M ax ) for unit one conversion can be calculated. The QCE from the visible spectrum to the infrared is defined as [21] :
where
is the maximum pump power. Because of the high divergence angle for the higher-order OAM mode [40], we increase the pump power for a higher conversion efficiency. In this down-conversion experiment, a resonant cavity is used, as shown in Fig. 1(a) . When the cavity length is locked to the master laser, the circulating power can then be written approximately as P cir c = F/2π · P p , where F is the finesse of the cavity. In Fig. 1(b) , we plot the theoretical SPCE and P p_M ax for the different input topological charges L. Here, the x-axis represents L, ranging from 0 to 10, and the left and right y-axes are the SPCE and P p_M ax with logarithmic scales, respectively. In our calculations, the waist sizes of the two beams are w p = 60 µm and w v (= 50 × √ L + 1 µm). The crystal used is a bulk PPLN crystal, for which the passive loss δ = 0.95 3 . From Fig. 1(b) , we find that the relationships of t he SPCE and P p_M ax with L are both approximately quadratic. For L=0 (Gaussian beam), L=1, and L=2, P p_M ax has values of 20 W, 50 W, and 166 W, respectively. For higher-order OAM modes, the values of P p_M ax are numerous. 
Experiment
The design and testing of the coherent OAM down-frequency bridge are introduced in this section, including the detailed experimental setup and the conversion results.
Experimental setup
A detailed schematic of the difference frequency generation (DFG) process is shown in Fig.  2 . There are four modules: the photon source, state preparation, state conversion and state tomography modules. The first setup shown in Fig. 2 is that of the photon source. The 794 nm laser beam comes from a Ti: sapphire laser, which is resonant with the cavity to produce strong pump power. The seeded 1550 nm infrared laser, which comes from a diode laser, is amplified via the EDFA and a single pass through the PPKTP crystal. When the quasi-phase-matching (QPM) condition is satisfied for the two fundamental laser beams in PPKTP, a high-quality 525 nm Gaussian beam is generated.
The next part shows the state preparation structure. A modified Sagnac interferometer is used to produce an arbitrary OAM state, and includes a vortex phase plate, wave plates (H1, Q), and a polarizing beam splitter. After the interferometer, the two beams acquire the opposite and equal spatial vortex phases exp(iLφ), and the superposition state generated can be written as [35] :
where h, v represent the horizontal and vertical polarizations of the input state, respectively. In particular, when the optical axes of H2 are rotated by 22.5 • along the horizontal direction, the preparation state can be expressed as:
The next section is the state down-conversion design, which is crucial to realization of down-conversion of the OAM mode from a visible laser (VL) beam to an infrared laser (IL) beam. This section consists of a single resonant cavity and a nonlinear crystal. The cavity parameters are optimized based on the theory of Boyd and Kleinman [38] . We select the focusing parameters ξ = 0.93, µ = 0.66, and the corresponding beam waist of the 794 nm pump beam is 56 µm at the center of the PPLN. The PPLN that was used in this experiment with a type-0 (e+e->e) quasi-phase-matching (QPM) condition for DFG has a cross-section of 50×7.9×0.5 mm 3 (L× W× T), and was placed within a homemade oven. The selected period of the PPLN is 7.30 µm. The ring cavity has four mirrors, where M1 is the input mirror with 97% reflection at 794 nm, and the plane mirror M2 and the two curved mirrors M3 and M4, with their 80 mm radius of curvature , have high-reflection(> 99.8%) coating for 794 nm. The crystal surface and the two curved mirrors have anti-reflection (< 1%) coating for the two laser beams. By measuring the leaked power after M2, we can then estimate the power that is circulating in the cavity.
In order to test the coherence of the output infrared OAM state, we use two strategies. On the one hand, the shapes and the power of the infrared fields are observed using an infrared charge-coupled device (CCD) and a power meter. On the other hand, we calculate the density matrix and its fidelity using quantum state tomography [36, 41, 42] . The infrared light is filtered using a long pass filter, projected onto the spatial light modulator (SLM), and then collected into the fiber using collimators. The four projections selected on the basis of the SLM are |R , |L , |H ,and | A , where |R and |L represent the eigenstates in self-representation for the OAM, and First, we measured the single pass conversion efficiency (SPCE) from the visible range to the infrared in frequency down-conversion of the OAM mode, where the two laser beams make a single pass through the PPLN. The pump laser waist is approximately 60 µm, and the input laser is different green OAM state. The optimal temperature is 29.50 • C. The main results are shown in Fig. 3(a) , where the x-axis represents the input fields, including the Gaussian (|0 ), the pure OAM state (|1 , |2 , as shown in Eq. (8)), and the supposition state (|1 + |−1 , |2 + |−2 , as shown in Eq. (9)). The y-axis is the measured SPCE. The green bars are the measured average values of the SPCE. In this process, the visible power is fixed at 40 mW, and the pump power is increased linearly from 50 mW to 500 mW. Because of system jitter, error bars must be inserted on top of the data, and these error bars represent the standard deviation in a group of measurements. Because of the type-0(e+e->) quasi-phase-matching condition, the conversion efficiency of the supposition state (|1 + |−1 ;|2 + |−2 ) is half of that of the corresponding pure state (|1 ;|2 ), based on Eq. (9) . The conversion efficiency is lower than the theoretically predicted figure shown in Fig. 1(b) , which is based on the uncertainty of the beam waist and the imperfect mode overlap. From Fig. 3(a) , we find that the conversion efficiency for higher-order OAM modes is very weak in the single-pass configuration. To obtain high conversion efficiency, we place the crystal within a single resonant ring cavity.
Second, we present the main results of the cavity-enhanced configuration in Fig. 3(b) , which shows that the intra-cavity power is a function of the circulated pump power. Here, the x-axis represents the measured intra-cavity power, and the y-axis is the intra-cavity quantum conversion efficiency (QCE). The data represented by blue asterisks, red circles, and green diamonds are the QCEs for L=0, L=1, and L=2, respectively, and the three corresponding lines are the fitting results based on the least squares method. To estimate the intra-cavity QCE, linear attenuation factors of approximately 92% are taken into account. Here, the finesse of the cavity for the pump laser is 85, and thus the enhanced factor is approximately 14 when the cavity is locked onto the master laser. Under lower pump powers, the relationship between the QCE and circulated power show good linearity. For the Gaussian beam, unit conversion efficiency can be reached when the intra-cavity power increases by three times with respect to the current maximum power, which is the same as the theoretical prediction given in Fig. 1(b) . Finally, we test the fidelity of the output infrared OAM-mode. The 3D graph shown in Fig.  4(a) represents the density matrix of the infrared output state for topological charge 1 that are determined by quantum state tomography, where the components on the left are the intensities and phase distributions of the input infrared OAM fields, and the components on the right are the corresponding density matrices. In this process, the input states are |R , |L , |V , and |D . For each input state, the four corresponding projection bases that are loaded on the measured SLM are (|R , |L , | A , and |H ). The average fidelities φ| ρ |φ of |R , |L , |V , and |D are 98.01%, 98.82%, 97.01% and 92.23%, respectively. The fidelity of |D is lower than that of the other input fields, which represents the imperfect preparation of the input state and the deflected positions of the projection bases in the SLM. Nevertheless, the high fidelity and the high conversion efficiency for down-conversion of the OAM mode indicate the reliable performance of the method. Without generality, we show the intensity profiles of the two fields in Fig. 4(b) , as measured using visible and infrared CCDs. The colorized graphs shown on the left of Fig. 4(b) are the input pure or superposition states |1 , |1 + |−1 , |2 , and |2 + |−2 , and the corresponding gray graphs on the right are the corresponding infrared OAM modes. It can been seen that the intensity profiles of the input and output fields are highly similar. Based on observation of the interference of the superposition state, we can also determine that the topological charge of the output state is equal to that of the input state, i.e., the OAM is conserved in this process.
Conclusion
In summary, we have demonstrated coherent OAM frequency down-conversion from the visible range to the infrared based on difference frequency generation in a single resonant cavity. We first propose a theoretical model to describe the OAM frequency down-conversion process. Then, we demonstrate OAM frequency down-conversion experimentally for different OAM modes. The maximum quantum conversion efficiencies that were obtained for OAM modes with topological charges of 0, 1, and 2 were 36%, 15%, and 7.8%, respectively. Using quantum state tomography, the average fidelity achieved was determined to be 96.5%. We also showed that the OAM is conserved and that the coherent property is preserved during the DFG process. The high fidelity and high QCE values obtained show that our OAM frequency-down converter is reliable and has potential applications in construction of high-dimensional quantum networks. When compared with recently reported results in OAM frequency up-conversion, our OAM frequency down-conversion process has shown higher conversion efficiencies [33, 34, 42] .
The remaining problem that must be solved is further enhancement of the quantum conversion efficiency for the higher-order modes. Use of strong pump laser is one possible way, but the best method would involve realization of mode-independent conversion efficiency for the higherorder modes with a fixed pump power. This issue will be investigated in our future research. When this mode-independent conversion efficiency is realized, frequency conversion of higherdimensional OAM states would then be feasible. We will study frequency down-conversion of the single photon OAM states, two-dimensional OAM entangled states and high-dimensional OAM-entanglement states in the near future. Because of the near optimal quantum detection efficiency of superconducting detectors operating at 1550 nm, this frequency conversion process will be very useful in the frequency conversion detection of visible, mid-infrared and far infrared light beams [31, 43] .
